The mechanism(s) underlying cardiac reparative effects of bone marrow-derived mesenchymal stem cells (MSC) remain highly controversial. Here we tested the hypothesis that MSCs regenerate chronically infarcted myocardium through mechanisms comprising long-term engraftment and trilineage differentiation. Twelve weeks after myocardial infarction, female swine received catheterbased transendocardial injections of either placebo (n ‫؍‬ 4) or male allogeneic MSCs (200 million; n ‫؍‬ 6). Animals underwent serial cardiac magnetic resonance imaging, and in vivo cell fate was determined by co-localization of Y-chromosome (Y pos ) cells with markers of cardiac, vascular muscle, and endothelial lineages. MSCs engrafted in infarct and border zones and differentiated into cardiomyocytes as ascertained by co-localization with GATA-4, Nkx2.5, and ␣-sarcomeric actin. In addition, Y pos MSCs exhibited vascular smooth muscle and endothelial cell differentiation, contributing to large and small vessel formation. Infarct size was reduced from 19.3 ؎ 1.7% to 13.9 ؎ 2.0% (P < 0.001), and ejection fraction (EF) increased from 35.0 ؎ 1.7% to 41.3 ؎ 2.7% (P < 0.05) in MSC but not placebo pigs over 12 weeks. This was accompanied by increases in regional contractility and myocardial blood flow (MBF), particularly in the infarct border zone. Importantly, MSC engraftment correlated with functional recovery in contractility (R ‫؍‬ 0.85, P < 0.05) and MBF (R ‫؍‬ 0.76, P < 0.01). Together these findings demonstrate long-term MSC survival, engraftment, and trilineage differentiation following transplantation into chronically scarred myocardium. MSCs are an adult stem cell with the capacity for cardiomyogenesis and vasculogenesis which contribute, at least in part, to their ability to repair chronically scarred myocardium.
T
he past decade has witnessed increasing development of cell-based therapeutics for cardiac disorders (1), with lead candidates being autologous whole bone marrow (2, 3) and mesenchymal stem cells (4, 5) , which are available from a variety of tissue sources. A major impediment to the advancement of this field is that mechanistic understanding substantially lags clinical observations (6) . In this regard, it remains highly controversial whether cell-based therapies improve cardiac function by engraftment and differentiation (cell autonomous effects) (6) (7) (8) or by releasing paracrine factors (a cell nonautonomous effect) (9) (10) (11) (12) (13) . Mesenchymal stem cells (MSCs) are a particularly attractive therapeutic candidate, having the capacity for immunoprivilege and multilineage differentiation (14, 15) , and there are ongoing trials of this cell type as both autologous and allogeneic grafts (16) . Although the potential of MSCs to adopt cardiac phenotypes has been shown in vitro (14, 17, 18) , several recent studies question the potential of in vivo differentiation, with low rates of cell survival and engraftment being the suggested causes (19) (20) (21) (22) .
To address this important controversy, we tested the hypothesis that allogeneic MSCs possess the ability to engraft and differentiate in chronically infarcted myocardium. Moreover, we correlated cell engraftment with measures of functional recovery using cardiac magnetic resonance imaging (MRI). Employing both BrdU labeled and sex-mismatched MSCs in a miniswine model of chronic ischemic cardiomyopathy, we sought to demonstrate the in vivo tri-lineage potential of allogeneic MSCs.
Results
MSCs Retention and Engraftment. Male MSCs (2.0 ϫ 10 8 cells) or vehicle were injected into adult female miniswine with chronically scarred myocardial infarctions (MI), and animals were killed 3 months later. MSC engraftment was identified using both BrdU (BrdU pos, Fig. 1 A-C) and the Y-chromosome (Y pos ) ( Fig. 2 A-F) . Importantly, appropriate negative controls, including female MI nontreated hearts, confirmed the specificity of the porcine Y-chromosome for the fluorescence in situ hybridization (FISH) analysis (see Fig. S1 b-c and e-f). MSCs were detected only in infarct (15.0 Ϯ 2 .0 cells/100 mm 2 ) and infarct border (17.0 Ϯ 6.2 cells/100 mm 2 ) zones of MSC-treated animals ( Fig.  2H) , representing 4.1% of the cardiomyocyte nuclei in the peri-ischemic area. A total of 17,854 cardiomyocytes were evaluated from the infarct and border zone of MSC-treated hearts (3,570 Ϯ 444 cardiomyocytes per animal, n ϭ 6 for MSC-treated group, n ϭ 4 for placebo, respectively). The number of BrdU pos cells was Ϸ3-fold greater than the Y pos cells. Despite this, the percent of BrdU pos cells with evidence of differentiation was similar to that determined using Y-chromosome FISH (Fig. S2) Fig. 2 C-H) . Importantly, differentiated myocytes showed evidence of coupling to host myocardium via connexin-43 (Fig.  2E) . Newly-formed Y pos myocytes in the border ischemic area had a diameter of 15.4 Ϯ 0.6 m, which was similar to other myocytes in the MSC-treated hearts (15.4 Ϯ 0.3 m), but smaller than those in placebo hearts (20.4 Ϯ 0.5 m, P Ͻ 0.01; Fig. S3 ).
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Vasculogenesis.
MSCs participated in the formation of coronary vasculature as identified by co-staining with vascular muscle proteins (smooth muscle actinin, calponin, smooth muscle protein 22-␣) and endothelial cell surface marker (factor VIIIrelated antigen/VWF; Fig. 3) . A total of 744 vessels were evaluated from the injured areas of MSC-treated hearts (149 Ϯ 35 vessels per animal, n ϭ 5). Of these vessels, 3.4% contained significant numbers of Y pos cells. Of the engrafted MSCs, 5.9 Ϯ 1.8% exhibited a vascular smooth muscle cell phenotype, and 3.9 Ϯ 3.0% formed endothelial cells. In the border zone, MSCs incorporated in both large and medium sized vessels (500 m to 1 mm), contributing to both endothelial and smooth muscle layers (Fig. 3 A-D) . In contrast, within the infarct zone, most of the new vessels had diameters Ͻ20 m and were composed of single endothelial layers with no smooth muscle layers (Fig. 3 D-E and Fig. S1 d- (Fig. 3F) .
Infarct Evolution. Cardiac MRI images documented a decrement in ejection fraction, transmural extension of myocardial scar, and left ventricular (LV) remodeling 12 weeks after anterior MI (Table 1) . We next determined the impact of cell therapy on infarct size, measured as a percentage of the LV and as absolute volume of scar tissue. Using both of these parameters, infarct size was reduced by MSC therapy, resulting in a 29.0 Ϯ 5.1% reduction in infarct size [P Ͻ 0.001 by analysis of variance (ANOVA)]. Posthoc analysis revealed that infarct size reduction occurred by 8 weeks after therapy (Fig. 4 A-C) . In contrast, scar size remained constant in the placebo group (P Ͻ 0.001 vs. MSC; Table 1 and Fig. 4C ). To address reverse remodeling, we quantified the decrease in the circumferential extent of the infarct scar. While the infarct region expanded 0.2 Ϯ 1.4% in the placebo group at week 24, it was reduced by 14.1 Ϯ 2.3% in the MSC-treated group (P Ͻ 0.001 by ANOVA; Table 1 group while the MSC group had significant thickening (P Ͻ 0.05; Table 1 ).
Regional LV Function. To determine contractile capacity of the regenerated myocardium, tagged MRI images were used to calculate peak Eulerian circumferential shortening (Ecc) in the infarct, border, and remote zones. As shown (Fig. 4D) , at 12 weeks after MI, all animals had decreased function in the infarct (peak Ecc Ϫ6.7 Ϯ 1.4%) and border (Ϫ7.3 Ϯ 1.2%) zones, compared with a normal negative Ecc in the remote non-infarct zone (Ϫ26.9 Ϯ 2.0%). Regional contractile function showed significant improvement over the post cell injection period in the both border and infarct zones of MSC-treated animals ( Fig. 4D Left and Center). In contrast, contractile function exhibited further declines in placebo-treated animals (Fig. 4D) .
Myocardial Perfusion. First-pass perfusion MRI was used to assess the impact of MSCs on myocardial blood flow. The average myocardial upslope of the time-attenuation curves normalized to the maximum LV blood pool attenuation density was used as a measure of tissue perfusion (23) . At week 12, all animals had diminished flow in infarct (0.13 Ϯ 0.01) and border (0.14 Ϯ 0.01) zones as compared to the remote zone (0.26 Ϯ 0.01; P Ͻ 0.001). Twelve weeks after therapy, the decrease in basal flow persisted in placebo-treated animals. In contrast, beginning at week 4 following cell delivery, the basal flow increased in the MSC-treated group (P Ͻ 0.001 by ANOVA; Fig. 5A and Fig. S5 a and b) .
Global LV Function. The decrease in infarct size together with increased contractility and perfusion resulted in improved global LV function. Whereas ejection fraction remained constant in placebo, it increased significantly in the MSC-treated group (P Ͻ 0.05 by ANOVA; Fig. 5B ).
In an attempt to further elucidate the mechanisms of the functional changes that occurred, the correlations between decrease in infarct size, increase in contractility, and increase in perfusion in the border zone were all calculated. All parameters strongly correlated (Fig. 5 C-E) . Most importantly, cell engraftment in the peri-infarct area correlated with the increase in regional LV function (R ϭ 0.85), decrease in infarct size (R ϭ Ϫ0.67), and myocardial perfusion (R ϭ 0.76; Fig. 5 F-H) . Interestingly, the number of Y pos vessels also correlated with the increase in myocardial blood flow (R ϭ 0.86) and the reduction in infarct size (R ϭ Ϫ0.74; Fig. S5) .
Discussion
Here we demonstrate the ability of bone marrow-derived adult MSCs to integrate into the chronically injured heart. Heretofore, the ability of MSCs to adopt cardiac phenotypes in vivo has been highly controversial, leading to the interpretation that functional benefits of these cells derive largely from paracrine mechanisms (9) (10) (11) (12) (13) 19 ). Our results demonstrate the presence of viable MSCs in infarct and border zones 12 weeks after transplantation into a chronic ischemic scar. The MSCs differentiate into cardiomyocytes and blood vessel elements that integrate into host myocardium, form gap junctions, and contribute to the restoration of cardiac function and tissue perfusion. These findings document the ability of an adult bone marrow-derived stem cell to engraft and differentiate into cardiac cellular elements and, as such, have important therapeutic implications (7, 8, 24) .
The present findings offer detailed phenotypic and mechanistic insights into the actions of MSCs to repair chronically ischemic myocardium. Our model recapitulates the phenotype of ischemic cardiomyopathy with antero-apical transmural scar and infarct expansion. Even in the face of the substantial cardiac remodeling evident in our model, injection of MSCs clearly led to infarct size reduction and reverse remodeling. Thus, even late injection of cells into the postinfarct heart has a desirable phenotypic outcome. Our results provide comprehensive documentation that the MSCs engraft, differentiate into myocytes, engender neovascularization, and maintain reservoirs of immature cells. As we have previously reported in an acute MI model, the area of greatest engraftment and regeneration resides in the border zone between infarcted tissue and viable myocardium. In addition, as we and others have previously reported (23, 25, 26) , increased tissue perfusion is the earliest observable outcome of cell therapy in the early post infarct heart, an effect that occurs here as well. Infarct size reduction and enhanced global and regional function are progressive effects that occur time dependently over a 3-month period. Our findings do not exclude the many other important properties ascribed to MSCs, including extracellular matrix remodeling (11) , progenitor cells recruitment (27) , and release of paracrine factors (13) . Indeed, it is this constellation of features that likely accounts for the ability of MSCs to engraft in the chronically scarred heart and to stimulate not only functional recovery but also reverse remodeling.
Many studies have failed to document MSC differentiation into cardiac cell constituents in the infarcted heart (12, 28, 29) . A significant number of these studies relied solely on green fluorescent protein (GFP) to track cell fate following transplantation, its continued presence being necessary as a marker of engraftment. Given that GFP labeling can diminish and that the transgene construct might be silenced as cells proliferate and differentiate, detection of differentiation could be obscured (30, 31) . Conversely, in cases where multiple cell tagging techniques (fluorescent dyes, nanoparticles, sex mistmatch) were used, strong evidence of engraftment and cardiomyocyte formation has been shown (6, 24) .
Other recent work has challenged the in vivo immunoprivileged state of MSCs, asserting that they exert a delayed host response 2 weeks posttransplantation (32, 33) . A graft-versushost immunologic response, once triggered, would dramatically impair heart function in allogeneic cell-treated subjects. In contrast, we observed improvement of the previously deteriorated cardiac muscle function. Supporting our approach, there are an extensive number of studies employing MSCs in a broad spectrum of hematological and nonmalignant diseases to attenuate the immune response, therefore, modulating the recipient environment (34, 35) .
Due to limitations associated with the long-term cell tracking, we could not assess the extent to which MSCs are lost immediately postdelivery or during the follow-up period. Interestingly, we observed a large number of transplanted cells that remained undifferentiated and persisted in the interstitial compartment. Our findings are in agreement with previous work that reveals a spectrum of maturity of newly transplanted cells. In this regard, Boni and Rota et al. reported that Lin neg c-kit pos cardiac precursor cells resulted in small bands of regeneration composed of myocytes of different size as well as highly proliferative clusters of committed progenitor cells in rodent hearts (36, 37) . The role of the smaller, undifferentiated cells requires further investigation, but it is attractive to speculate that they may form a reservoir for ongoing tissue homeostasis, niche reconstitution, or paracrine factor production (38, 39) . Future work will be required to fully assess the nature of these cells and whether they retain immature stem cell characteristics.
In vivo modalities to track this cellular kinetics immediately following transplantation remains a challenge in large animal models. We used MRI to sequentially compare the treated and untreated areas. While overall estimation of ejection fraction can underestimate the functional improvement (22), we used both global and segmental wall analysis for contractility and perfusion to characterize precise changes (40) (41) (42) . Indeed, changes were present in tissue perfusion, as well as global and regional function, and cell engraftment correlated with regional function in the border zone of the infarct. This finding is highly biologically plausible, as the border zone is the site of greatest activity for cell engraftment and differentiation.
The present report corroborates the survival and renewal of MSCs in the chronic ischemic myocardium and its contribution to improve the cardiovascular physiology after MI. The chal- The functional outcomes in heart function (i.e., infarct size reduction, increase in contractility and increase in tissue perfusion) showed related interaction between them (C-E) and with the magnitude of cells detected (F-H) at 12 weeks after injection (P Ͻ 0.05 for all Pearson correlations). At least five time points for first-pass perfusion MRI image analysis. MSCs-treated hearts (n ϭ 6) and placebo (n ϭ 4) hearts for most of the time points except at 4 weeks for ejection fraction (n ϭ 8, 4 MSC and 4 placebo).
lenge to rebuild an established myocardial scar with cell-based therapy is highly desirable and fulfills a crucial unmet clinical need. These findings strongly support the clinical development of this strategy to treat chronic ischemic heart failure.
Materials and Methods
Closed-chest MI induction by occlusion of the mid-left anterior descending artery with subsequent reperfusion was performed in female swines. Twelve weeks later, allogeneic male MSCs or placebo were injected in the infarct and border zone. New myocardium and vessel formation were assessed by double immunofluorescence and FISH analysis. Evaluation of myocardial contractile function was performed by cardiac MRI. For additional information, see SI Materials and Methods.
